The flexural properties of plain-weave woven fabric-reinforced composites have been investigated to clarify the effects of equi-biaxially fabric prestressing on flexural characteristics. The prestressed composite samples were manufactured by applying the symmetrical tension load to both warp and weft yarns prior to matrix curing. The fabricated samples were tested under different fabric orientation angles, i.e. from warp to bias direction. The decline in the flexural properties of the prestressed composite due to matrix creep was checked. From three-point bending tests, the prestressed samples exhibited a maximum increase in the flexural performance, such as the strength and modulus, of $16% at a prestressing level of 50 MPa when compared with unprestressed counterparts. The level of improvement in the flexural properties reduced with increasing fabric orientation angle. The creep was induced in the prestressed matrix and subsequent decline in the improved flexural properties was indicated in the prestressed samples. The decline in flexural properties occurred mostly during the short-term creep.
Introduction
Recently, using fibre-reinforced composites in aerospace, automotive and marine industries have been rising rapidly due to their high strength and stiffness to weight ratios. 1, 2 Polymer-matrix composites (PMCs) reinforced with woven fabric are being used widely in critical structures than unidirectional reinforcements. The reasons are attributed to the lower cost of manufacturing, higher fracture toughness and better control over the thermomechanical properties. 3, 4 Moreover, the architecture of the woven yarns provides an interlocking against fibres pull-out failure, subsequently the strength of composite is increased. 5 The most common problem when manufacturing fibre-reinforced composites is the formation of the tensile residual stresses during the manufacturing process within the matrix as a by-product. Tensile residual stresses in composites existed mainly due to the difference in the material properties of the constituents related to thermomechanical behaviour and the processing that the part undergoes. 6 Residual stresses in the fibre-reinforced composites could initiate transverse microcracking within the matrix if it exceeds the strength of the matrix or can lead to fibre-matrix debonding, 7 stressing the constituents into plastic state 8 or even fracture. 9 Although the prestressed reinforcements are used widely in a modern precast concrete, the advantage obtained from the prestressing method on PMCs seems relatively unexplored. 10 The presence of the compressive stresses in the matrix increases its resistance to the microcracks. The studies that considered the effect of fibre prestressing on the mechanical performance of fibrous-reinforced composites indicated a considerable improvement in their characteristics. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] A relatively few studies have been accomplished to indicate the effect of fibre prestressing on the flexural characteristics of PMCs. Zhao and Cameron 23 achieved the first study in estimating the flexural behaviour of the unidirectional fibre-prestressed composites. The flexural strength and modulus were reaching their peak values at a prestress level of $65 MPa; the maximum increase in the flexural properties was $20% when compared with unprestressed counterparts. Beyond that level, the properties started to decline. The researchers claimed that this decline was due to overbalancing in the thermal residual stress within the matrix. Motahhari and Cameron 11 studied the effect of fibre prestressing on the flexural properties of a unidirectional fibre-reinforced composite made from a glass/ epoxy system. A horizontal tensiometer machine was used to implement the fibre stretching up to a level of 80 MPa. The study indicated a maximum improvement in the flexural properties at prestressing level located in the range of 20-65 MPa. The relatively wide range of optimum prestressing level attributed to utilize different curing temperatures. Nevertheless, the maximum improvement in the flexural properties was approximately equal to 33%. The reason behind the enhancement in the flexural properties was attributed to two mechanisms. Firstly, the formation of compressive residual stresses within the matrix could obstruct the development of microcracks. Secondly, the tensile force that remained in the tensioned fibres of the final composite samples could produce a force component that is normal to the fibre direction and opposite to the direction of exerted bending force. Pang and Fancey 17 used a viscoelastically prestressed nylon 6,6 reinforcement with epoxy and polyester matrices to fabricate a viscoelastically prestressed composite. The nylon yarns, prior to moulding into the resin, were subjected to a tensile creep stress of 349 MPa for 24 h at ambient conditions. To measure the flexural modulus of the samples, a three-point bending test was performed using a freely suspended weight at mid-span of the beam specimen. The maximum increase in the flexural modulus was $50% when compared with unstressed counterparts. Furthermore, the viscoelastically prestressed samples were aged to an equivalent of 100 years at 20 C and the improvement in the flexural modulus showed no significant change in its value. Cao and Cameron 24 studied the effect of fibre prestressing on the flexural properties of silica particles modified unidirectional E-glass fibre/epoxy composites. The optimum fibre prestressing level that gave a maximum increase in both flexural strength and modulus was $15 MPa. Increasing the straightness of fibres with increasing the pretension was considered the main reason behind that improvement. Schlichting et al. 25 investigated the effect of prestressing the S-glass yarns on flexural properties of two types of composite resins. By applying a level of prestressing equal to 73% of the ultimate tensile strength of the fibre, the increase in the flexural strength and the corresponding deflection was $33% and $60%, respectively. Cui et al. 26 investigated the flexural characteristics of a prestressed bamboo sliver mixed with poplar veneer strands (weight ratio 1:4 as raw materials). To induce creep mechanism, the bamboo slivers were stretched for 4 h at a prestressing level equal to 16 MPa. Three-point bending test was performed for the prestressed and unprestressed counterparts. The results of testing indicated an increase in the flexural modulus of $12% when they compared with unstressed counterparts. Sˇirvaitiene _ et al. 27 studied the effect of fibre pretensioning on the flexural properties of composites fabricated from flax and cotton yarns, separately. The maximum increase in the flexural strength of the composites fabricated from flax fibres and the cotton fibres was $39% and $19% when they prestressed to a level equal to 40% and 45% of their fibre ultimate tensile strength, respectively. However, the E-glass fibre yarn was also used for a comparison, and its results indicated about 15% increase in the flexural properties at a prestress level equal to 37% of the fibre ultimate tensile strength. The researchers claimed that increase came mainly due to increasing the compressive residual stresses within the matrix besides improving the alignment and orientation of fibres. Fazal and Fancey 19 exploited the viscoelastic behaviour of ultra-high molecular weight polyethylene (UHMWPE) fibres in making a viscoelastically fibre prestressed composite. The yarns had been subjected to a tensile creep loading of 1.3 GPa for 24 h to induce viscoelastic behaviour before it was moulded into the resin. The increase in the flexural modulus, compared with unstressed counterparts, was $40% and $23% for fibre volume fractions of 3.6% and 7.2%, respectively. The researchers reported a reliability in the flexural performance in the range of 2000 h. Fazal and Fancey 22 used co-mingled nylon 6,6 and Kevlar fibres with polyester resin to form their viscoelastically prestressed composites. The creep load was applied only to the nylon fibres prior to moulding into a resin by using a bespoke stretching rig. The tensile creep stress was 340 MPa for 24 h. The final fibre volume fraction of the hybrid composite was 4.5% (3.3% nylon with 1.2% Kevlar). The results indicated an increase in the flexural modulus of $40%. Zaidi et al. 28 studied the effect of fibre prestressing on the flexural properties of flax spun/unsaturated polyester composites. The fibre prestrain levels were ranged from 0 to 0.03 during the matrix curing. At a fibre prestrain equal to 0.03, flexural strength and corresponding modulus of the composites were improved by $34% and $26%, respectively. From the previous literature, the flexural characteristics were investigated only for the composites that are reinforced with unidirectional fibres. Therefore, the tested samples were prestressed in only one direction, which is the direction of yarns. Although using of composites made from woven fabric reinforcements have been increasing, the effect of an equi-biaxial prestressing of woven fabric reinforcement before matrix curing is still unclear.
This study aims to evaluate the influence of equi-biaxial fabric prestressing on the flexural performance of plain-weave fabric composites. The range of the equibiaxial fabric prestressing level was from 0 to 100 MPa. Particular consideration was paid to the effect of fibre orientation angle on the composite's flexural properties to examine the effectiveness of the proposed manufacturing method when the composite is subjected to bending load in the out-of-fibre direction. Moreover, the deterioration of the prestressing effect with time was investigated due to the creep behaviour of polymeric matrix.
Materials and method Materials
The reinforcement material used in the work was E-glass plain woven-roving fabric (600 g/m 2 ). This fabric was obtained from Berjaya Bintang Timur Sdn Bhd Company. The resin used to form the matrix was unsaturated polyester resin ($1200 kg/m 3 after curing), which belongs to thermosetting category. The commercial name of the polyester resin and the catalyst used in this work were Reversol P9509 supplied by Revertex, Malaysia Sdn Bhd Company, and methyl ethyl ketone peroxide (MEKP), respectively.
Fabric prestressing method
Prestressed fibre-reinforced composites can be produced by exerting a tension load in the fibre and keeping it during matrix curing. After the matrix has been cured, the fibre pretension is released. Now, the fibre tends to return to its original length due to elastic recovery, but the strong adhesion with the well-cured matrix tends to obstruct the recovery of the tensile strain by the fibre alone. Therefore, both the fibre and the cured matrix undergo a contraction along the principal yarn directions as one unit to reach the equilibrium state. Nevertheless, releasing fibre prestressing does not conditionally mean that all the prestrain and the associated stress in a fibre will impart to the matrix. However, some part of tensile strain may remain on in the fibre itself. Now, the new state of residual stress within the matrix is either compressive or at comparatively lower level of tensile state.
The prestressing equipment used in this study, illustrated in Figure 1 , was entirely designed and manufactured to do a certain role, which is represented by applying the fabric pre-tension in the biaxial direction. To implement the proposed method, a suitable segment of the fabric has been fixed at its free ends by means of two opposite clamps for each principal yarn direction. Subsequently, after ensuring that all ends are well fixed at the proper position, the fabric yarns have been stretched by means of two hydraulic jacks. The load is applied simultaneously in both directions until reaching the required level of fibre prestressing. After the required level of the fibre prestressing has been reached, the load exerted by each hydraulic jack is imparted to the two main bolts (5=8 -11 UNC) located at the sides of the moving clamp. This step is important due to the probability of pressure dropping inside the jack cylinder due to oil leakage with time.
On the other hand, the efficiency of the rig against fibre sliding within the fixtures was checked before it has been adopted to perform the prestressing during this work. The checking procedures were performed by fixing a suitable fabric segment and applying a maximum bidirectional prestressing load of 100 MPa via the two jacks. When reaching the required level of prestressing, the hydraulic loading was transferred to the auxiliary bolts and maintaining it for $10 h. The same steps were then reversed, that is the tension loads in the auxiliary bolts were transferred again to the jacks. The difference between the first and second readings of the pressure gauges represents the decline in tension load due to fibre sliding. The maximum percentage difference in readings was just about 2.83, which is relatively acceptable if we remind that the time required for the polyester resin to cure was only $15 min at room conditions. It is important to mention that suitable pieces of cloth adhesive tape were inserted in the interior faces of the clamping parts to improve the fixing ability.
Composite sample preparation
The closed moulding process was used to manufacture a composite panel with dimensions (270 Â 150 Â 3 mm). The MEKP was mixed with the polyester resin by a volume ratio of 1.3% to activate the reaction process. Only single fabric layer was used as a reinforcement located in the mid-point between upper and lower surfaces of the composite sample. The fibre weight fraction of the prepared composite samples was $16%. Although the fibre weight fraction of the fabricated samples was relatively low, some advantages have been gained when using one layer of fabric. Firstly, to observe the damage initiation and its development easily. Secondly, it was easier to handle during the fabrication process (closed moulding), faster to impregnate the resin, lower loading capacity requirements and the exerted tension loading would be carried by the single fabric layer more uniformly than using multi-layers. The last advantage of adopting one layer of fabric was to indicate the effect of fabric prestressing in a simple composite system without the interaction of other modes of composite failure such as delamination. The mixture gelling time was $15 min; the temperature generated during the chemical reaction was $51
C. The curing process of composite was at room conditions ($28 C and $52% relative humidity). Samples with different fabric orientation were fabricated, so that the direction of the warp yarns had an angle of 0, 15, 30 and 45 with respect to the major axis of the composite specimen as shown in Figure 2 . The level of fibre prestressing was maintained until completing the curing process and beyond it to about 9 h. Thereafter, the composite panel was taken out and prepared according to ASTM standard designation D790. Finally, the samples with dimensions (250 Â 25 Â 3 mm) would be ready to perform the flexural testing.
Flexural test
Flexural test was performed to estimate the flexural strength and the corresponding modulus of the manufactured samples. Four levels of fibre prestressing and four fibre orientation angles for each level were adopted throughout this work to find their flexural behaviour under different bending directions. The loading nose and the supports of the testing machine have cylindrical surfaces with radii of 5 mm. As recommended by ASTM D790, increasing the span-to-depth ratio of the specimen can minimize or even eliminate the shear deformation effect, and the failure occurs in the outer surface is due only to the bending moment. Therefore, modulus data can be estimated more accurately. According to this recommendation, the span-to-depth ratio was chosen to be 40. Three-point bending test was performed using Instron 3365 testing machine. The cross-head speed was estimated according to equation (1) 
where:
R rate of cross-head motion, mm/min, L support span, mm, d depth of beam, mm, and Z rate of straining of the outer fibre, mm/mm/min.
According to ASTM D790, the value of Z was recommended to be 0.01. Since the span and depth of a specimen were equal to 120 and 3 mm, respectively, the value of R was equal to 8 (mm/min). The temperature of the lab and the accompanied relative humidity were $26 C and $62%, respectively. Moreover, four samples for each level of prestressing were tested. The flexural test was terminated when the strain at the outer surface of the sample reached to 0.05 (mm/mm) or at break if breaking had been occurring before reaching the maximum strain.
Results and discussion Figure 3 shows the typical load-deflection curves for the batches tested at warp direction (0 ) with different fibre prestressing levels. Table 1 lists the mean flexural properties of the samples tested at warp direction, i.e. Figure 3 . Clearly, the flexural stiffness estimated from the curve slopes of each test increased with increasing the prestressing level up to a level of 50 MPa. This increase was related to several mechanisms. Firstly, the remaining tension force within the fabric creates a vertical force component that is opposite to the direction of applied bending force. 11, 17 The value of this component of force is increasing as the bending deflection increases. Secondly, with increasing the prestressing level, the fibres are becoming more straightened. 17, 30 In continuous fibre-reinforced composites, the effectiveness of fibres to carry the imparted load from matrix becomes better when they were straight and not wavy. 11, 28 Therefore, the fibres within the matrix carried the load more effectively. Lastly, the neutral axis of the beam cross-section shifted from its centroid position towards the lower surface of the sample (tension part). The change in the position of area centroid is attributed to the fibre part and the region of matrix adjacent to it which can be considered as a compressed region. 17 The compressed matrix will reduce the overall magnitude of stress in the sectional part that undergoes a tensile bending stress by two ways. Firstly, the presence of the compressive residual stress within the matrix will reduce directly the bending stress within the beam tension part. On the other hand, bending stress in any beam section decreases as the distance measured from the neutral axis decrease. Therefore, the prestressed samples can carry more bending load to begin the failure than the unprestressed counterparts. It is noteworthy that the location of the neutral axis for the prestressed composites depends on fibre content, fibre distribution and the level of fibre prestressing. These three mechanisms have been proposed as the main reasons for an increase in the flexural stiffness and the modulus of the unidirectional fibre prestressed composites and they also applicable for woven fabric-reinforced composites.
A further mechanism is also proposed in the current study that is related directly to the waviness at the crossover sites of the woven fabric. The more fibre prestressing was applied, the more contact pressure at crossover sites could be imposed. This mechanism can increase the friction force generated between warp and weft yarns considerably. 31 Therefore, the friction force can give rise to another force component that is opposite to the bending force during specimen deflection as in the first mechanism that was explained before. Moreover, the undulation (crimping) at the crossover sites reduced with increasing the fibre pretension. Figure 4 describes the four mechanisms that contributed to the improvement in the flexural properties of the equi-biaxial fabric prestressed composites.
Concerning the flexural strength, the test results showed a trend similar to the flexural stiffness. The compressive residual stresses generated in the matrix, due to releasing of the prestressing load in the reinforced fibres, was the main reason for an improvement in the flexural strength. 11, 17, 27 These stresses play an important role in reducing the tensile stresses produced by the bending load. Therefore, more bending load is needed to initiate and propagate the cracks within the matrix. 17 As well known, the fabric crimps at the yarn's crossover sites represent the weakest spots on the thread due to the concentration of the localized stresses at these locations. 32 Consequently, an increase in the symmetrical prestressing level in both warp and weft fibres would result in more fabric straightness, i.e. reducing the percentage of crimping. On the other hand, the flexural properties reached their maximum values at a level of fabric prestressing equal to 50 MPa. The decline in the flexural properties after they have reached their maximum values can be attributed to the fibre debonding and delamination. 11 Moreover, increasing of fibre prestrain to relatively elevated level might lead to fibre breakage. 27, 30 The effect of fabric orientation angles on the flexural modulus and flexural strength of the prestressed composite is shown in Figure 5 . The orientation angle was varied from 0 to 45 with an increment of 15 relative from the sample major axis to the warp-yarn direction. The total number of samples for each curve was 20 and for each prestressing level there were four samples. Clearly, the general behaviour for all batches was the same when testing the samples under bending test. The flexural properties increase with increasing the fabric prestressing level, reaching a maximum and then a slight drop in the property was observed. The optimum level of fabric prestressing seemed unaffected by the orientation angle of the specimens, i.e. it was 50 MPa. Samples with higher orientation angles showed relatively few benefits drawn from fabric prestressing when compared with the batches oriented in the warp direction. This behaviour may be attributed to the direction of the generated compressive residual stresses within the matrix. The direction of bending stress that resulted from the downward bending load was normal to the area of the beam cross-section. However, the direction of generated compressive residual stresses was parallel to the direction of yarns. Subsequently, the direction of the compressive residual stress and the stress that induced from bending were not on the same line of action. Therefore, the effect of the imparted compressive stresses on the flexural performance would become comparatively less useful. It should be noted that alteration of residual stresses in the fibre direction due to fibre prestressing will result an alteration of residual stresses in the transverse direction as well due to the coupling effect. Releasing the fibre pretension after curing the matrix can generate a compressive residual stress in the matrix along the fibre direction and a tensile one in the transverse direction. Fortunately, the magnitude of the tensile residual stress is surely less than the compressive one due to the relatively small value of Poission's ratio. Nevertheless, with employing the equi-biaxial fabric prestressing, the transverse tensile residual stresses can be overcome by the longitudinal compressive stresses induced by the crossed yarns. Therefore, the final state of residual stresses within the matrix still seems compressive (symmetrical) at both fabric principal directions, but with lower value. However, the effect of stiffness coupling on the final magnitude of the residual compressive stresses is out of scope of the present work.
On the other hand, the evidence suggests that polymeric materials exhibiting time dependent behaviour even at room temperature. 33 Some researchers claimed that mechanical properties of the prestressed composites might decline with time. 10, 34 Since any new design or product should verify its durability, the performance of the improved prestressed composite was checked over a time. The short-and intermediate-term creep effects on the flexural performance of the composite with and without fabric prestressing were examined in this work. Figure 6 shows the effect of time on the composite flexural strength of unprestressed samples and prestressed counterparts. The samples have been tested after a duration of time equal to 2, 30, 90 and 180 days from the time when they were manufactured. The total number of samples that was required to construct each curve was 16 with four samples tested for each prestressing level. The storing temperature of the samples was kept constant at $30 C. The localized matrix creep close to the matrix-fibre interface, which is the most stressed regions within the matrix due to fibre prestressing, has been occurring with the progress of time. Since the creep mechanism functioned like energy dissipation, the residual stresses within the matrix were declining with time. Figure 6 clearly shows the matrix creep effect on the strength of unprestressed and prestressed composite samples (warp direction) with time.
For the composite batches without fibre prestressing, there was a slight increase in the flexural strength about 3%. However, the latter was declined by different magnitudes for the batches manufactured with different levels of prestressing. In the unprestressed composites, the state of residual stresses within the matrix was tension, as it has been proven by previous studies. 7, 12, [35] [36] [37] Therefore, decreasing the magnitude of tensile residual stresses (detrimental effect) by creep will slightly increase the composite performance. The same process was taking place in the prestressed composite batches, but the positive effect of the compressive stresses existence slightly decreased. The most important curve is the one that belongs to the optimum prestressing level, i.e. 50 MPa. Clearly, the maximum decrease in the flexural strength, after it had been improved, was no more than $6%. This rate of deterioration in the flexural performance can be considered acceptable. The percentage change in the ultimate flexural strength of the prestressed composite exhibited a relatively gradual decrease and then remained approximately constant after about three months from specimens manufacturing. Moreover, the time dependent in the flexural strength by creep mechanism directly depends on the level of fibre prestressing. The higher the fibre prestressing was, the more degradation might be expected in the flexural properties of composite with a time.
Conclusions
This paper presented a novel methodology for improving the flexural properties of woven fabric/polymeric composites. The method proposed applying the fabric prestressing in the biaxial principal directions until the matrix cures. The symmetric prestressing level used in this work was up to 100 MPa. To check the reliability of the proposed method, samples with different fabric orientation angles, 0 to 45 with respect to warp direction, were tested under bending load. The longevity in the mechanical properties of the prestressed composite samples was tested until six months after the samples had been fabricated. From the results that have been drawn from this work, the following conclusions can be drawn:
1. The flexural stiffness of the prestressed composite batch reached its maximum value at a prestressing level of 50 MPa for the material system that considered in this paper. The imparted prestressing effect increases the flexural modulus to $16% at the optimum fabric prestressing level. In addition to the mechanisms that have been previously proposed by other researchers, a further mechanism related to the weaving pattern of fabric was proposed. 2. Concerning the composite flexural strength, the maximum increase due to fabric prestressing was $15% at a prestressing level of 50 MPa. Once again, a further mechanism was presented as an additional reason for enhancing the flexural strength of the prestressed fabric-reinforced composites. 3. The prestressed composite samples tested at different fabric orientation angles showed less improvement in their flexural performance. The more inclination in the fabric orientation angle, the less improvement in the composite flexural properties was obtained. 4. The creep of the matrix close to the matrix-fibre interface could reduce the advantage of fabric prestressing in the composites with a time. Therefore, the improvement that has been gained by the method of fabric prestressing can deteriorate at different rates with the progress of a time. The maximum degradation rate in the flexural properties occurred after three months after the specimens were manufactured.
